| Systemic fungal infections pose a serious clinical problem. Treatment options are limited, and antifungal drug resistance is increasing. In addition, a substantial proportion of patients do not respond to therapy despite being infected with fungi that are susceptible to the drug. The discordance between overall treatment outcome and low levels of clinical resistance may be attributable to antifungal drug tolerance. In this Review , we define and distinguish resistance and tolerance and discuss the current understanding of the molecular, genetic and physiological mechanisms that contribute to those phenomena. Distinguishing tolerance from resistance might provide important insights into the reasons for treatment failure in some settings.
Drug-resistant fungal infections are emerging as an important clinical problem 1, 2 . This is mainly owing to an increase in patients at risk for invasive fungal infections from complex surgical procedures, immune suppression or reduced immune function 3 . Patients who develop invasive fungal infections in the setting of other serious medical conditions frequently have increased mortality rates compared with uninfected patients. For example, the 90-day mortality rate for recipients of solid organ transplants who develop candidaemia is between 22% and 44%, depending on the Candida species 4 .
The recent emergence of fungi that are resistant to more than one class of antifungal drug is a serious concern. Currently, only three primary classes of agents are used to treat invasive fungal infections 5 : polyenes (for example, amphotericin B), azoles (for example, fluconazole) and echinocandins (for example, caspofungin) (Table 1 ). Thus, one antifungal drug class becoming ineffective in treating a fungal infection due to resistance reduces the therapeutic options by at least 33% and frequently by 50% because azoles and echinocandins are not active against all fungi. By comparison, six distinct classes of antibiotics are currently available to treat methicillin-resistant Staphylococcus aureus, an important and widespread drug-resistant bacterium 6 . Thus, the loss of one antifungal drug through resistance has a major impact on patient care.
Resistance to all classes of antifungal drugs has been characterized in most fungal species that infect humans. In general, antifungal resistance has two operational definitions. First, in the clinical microbiology laboratory, fungal strains are classified using standardized assays (box 1) to compare the minimum inhibitory concentration (MIC) to the clinical breakpoints for that drug, which take into account in vivo aspects of drug efficacy. Resistant strains have MICs above the breakpoint and are more likely to cause a therapeutic failure than susceptible strains with MICs below the breakpoint. Second, in research laboratories studying the mechanisms of antifungal activity, in vitro resistance refers to a strain that is less susceptible (that is, has a higher MIC) to a drug than a control or reference strain and will be termed resistant in this Review.
Although relatively low levels of resistance for most Candida species have been described, the outcomes for candidaemia remain poor, as high levels of mortality (15-50%) have been associated with candida infections 7 . For example, the rate of fluconazole and echino candin resistance in Candida albicans, the most prevalent Candida species, is generally less than 1% (ref. 7 ), yet existing therapies often fail to treat infections caused by susceptible Candida isolates. This has been attributed to non-mycologic causes, such as host factors, immune status and/or pharmacologic issues 8 . However, specific interactions between the drug and the fungus, aside from the MIC, may affect therapeutic responses as well. Specifically, the discordance between overall treatment outcome and low levels of clinical resistance may be attributable to antifungal drug tolerance.
The terms antifungal drug resistance and tolerance are frequently used as synonyms in the literature. However, a more nuanced understanding of the fungal response to drugs may help explain the poor outcomes for infections caused by apparently susceptible isolates (that is, isolates that have a susceptible MIC at 24 h, the standard end point for MIC measurements for Candida species). In this Review, we define antifungal tolerance as the ability of a drug-susceptible fungal strain to grow in the presence of an antifungal drug at concentrations above the MIC 9 . Subpopulations of tolerant cells grow slowly in drug concentrations above the MIC, which is usually visually evident after time periods longer than the standard 24 h for MIC measurements. In the same isogenic population, a second subpopulation of cells does not grow in the drug or its extremely slow growth is not detectable following 48 h in the drug. We posit that antifungal tolerance is a property of pathogenic fungi that can be distinguished from resistance using the same in vitro assay that can quantify both susceptibility (measured as MIC at 24 h) and growth properties at 48 h, such as the fraction of growth or supra-MIC growth (SMG) (box 1). We further suggest that the question of whether tolerance may explain some of the discordance between clinical outcome and clinical MIC measurements is worthy of larger-scale clinical studies.
A recent quantitative study 9 identified four characteristics of fluconazole-tolerant cells across a set of seven diverse C. albicans isolates. First, tolerance of an isolate is relatively reproducible, with differences in tolerance levels between isolates presumed to be affected by intrinsic genetic differences between those isolates (fIg. 1a) . Second, within a given isolate, tolerant cells (those that do grow slowly in the presence of the drug, whereas the remaining cells do not grow) represent a subpopulation (generally 5-90% of the cells, depending on the isolate) (fIg. 1b). Third, tolerance is largely independent of the drug concentration (box 1). Fourth, the time required for cells to appear as visible colonies on a Petri plate containing the drug is shorter for isolates with high tolerance levels than for isolates with lower tolerance levels (fIg. 1c ). Thus, drug tolerance is a manifestation of phenotypic heterogeneity intrinsic to a given fungal isolate.
Although the definition of in vitro resistance is similar for bacteria and fungi, some aspects of antifungal tolerance differ from antibacterial tolerance. Tolerant bacterial and fungal isolates have MICs in the susceptible range, but tolerant bacteria are characterized by a longer minimum duration to killing than susceptible isolates 10 , based on responses to bactericidal drugs [10] [11] [12] . By contrast, antifungal tolerance is most evident with fungistatic drugs, and thus measuring cell death is less relevant. Furthermore, higher tolerance in bacterial isolates is associated with a longer lag phase length, whereas fungal isolates with higher tolerance levels have a shorter lag phase length (measured as the time required for colonies to become visible 13 ) relative to those with lower tolerance levels 9 .
Studies are beginning to provide evidence that tolerance is associated with multiple genetic components that differ between isolates. These genetic components affect the ability of isogenic cells within a single isolate to respond physiologically or metabolically (to environmental or nutritional signals). The genetic make up of an individual isolate may also affect the degree of variability between the responses of different isogenic cells in the population. We know that chaperone activity, the availability of calcium and iron utilization and membrane proteins that regulate drug uptake and/or efflux, along with components of several central stress response pathways, such as protein kinase C/RAS and MAP kinase cascades, are required for the ability to grow slowly (and to grow at all) in the drug. However, the degree to which these pathways affect differences between genetically different isolates and the degree to which they are critical at the level of cell-to-cell differences remain to be determined (fIg. 1e).
Growth of subpopulations of susceptible fungal isolates in the presence of drugs at concentrations above the MIC can be due to tolerance, heteroresistance or persistence (see box 2), depending on the drug, the organism and the size of the subpopulation. Whereas tolerance is generally owed to substantial subpopulations of cells (5-90%) that grow in the drug, antifungal heteroresistance or persistence involve rare cells (generally <<1%) that transiently survive high concentrations of antifungal drugs 14 . The distinctions between susceptibility, resistance, tolerance and heteroresistance, all mechanisms that involve phenotypic heterogeneity, are discussed in box 2.
Trailing growth is a term used primarily in the clinical context and has been defined as reduced but persistent visible growth of Candida spp. at fluconazole concentrations above the MIC 15 . Trailing growth is often estimated as the percentage of growth at different drug concentrations relative to growth in the absence of the drug 16 , a measure similar to the SMG parameter used to measure tolerance (fIg. 1b). Like tolerance, trailing growth is sensitive to growth conditions [17] [18] [19] ; the degree of sensitivity to these conditions differs for different clinical isolates 9, 20 and leads to considerable laboratory-tolaboratory variation in the estimation of trailing growth. Noteworthy, tolerant or trailing cells, when retested, have a similar MIC and a similar slow/partial growth in the presence of drugs at concentrations above the MIC (fIg. 1a ). Thus, we use the term 'trailing' for describing studies that used that term, with the assumption 
Fraction of growth
a measure of tolerance based on assays performed on a solid medium. Measured at 48 h, the growth within the zone of inhibition (and thus above the minimum inhibitory concentration) is estimated as a proportion of total growth possible outside the zone of inhibition.
Supra-MIC growth
(SMg). a measure of tolerance based on assays performed in a liquid medium. growth at concentrations above the minimum inhibitory concentration is estimated as a proportion of the total growth without a drug. SMg provides a quantitative measure of growth similar to some measures of trailing growth.
Phenotypic heterogeneity
The expression of different phenotypes in different cells within an isogenic population of cells. for example, some fungal cells grow whereas other sister cells do not grow (or grow too slowly to be detected) in the presence of an antifungal drug.
Fungistatic drugs
Drugs that inhibit growth but do not necessarily kill a majority of the cell population at concentrations at or above the minimum inhibitory concentration.
Heteroresistance a clinical term for isolates that contain small subpopulations of cells (generally <1%) that have the ability to grow at drug concentrations that are at least 8× the minimum inhibitory concentration for the vast majority of susceptible cells in the population.
www.nature.com/nrmicro

Box 1 | Measuring antifungal resistance and tolerance
Standard assays of antifungal resistance
Clinical laboratory definitions of resistance are based on assays performed according to stringent criteria. resistance is measured and quantified using three types of assays: disc diffusion assays (see the figure, part a), broth microdilution assays (see the figure, part b) or e-test strips (see the figure, part c). these tests are usually performed after 24 h of growth. Disc diffusion assays are performed by spreading fungal cells on agar medium and then placing a filter disc containing a standard concentration of the drug on the plate; fungal growth produces a lawn outside the zone of inhibition (see the figure, part a). images of the plates are analysed using diskimager 96 , a software program that averages pixel intensity along 72 radii emanating from the disc and estimates the average pixel intensity corresponding to the cell density as a function of distance from the disc. The level of susceptibility is measured as the average radius (raD), which corresponds to the point where growth is inhibited by 20%, 50% or 80% (raD 20 , raD 50 or raD 80 , respectively), relative to the maximum radius (see the figure, part a bottom panels). the minimum inhibitory concentration (MiC) is inversely correlated with the raD. shown are disc diffusion assays for two isolates with similar MiC levels and different tolerance levels, as determined from the degree of growth within the region of growth inhibition detected visually on the plates and calculated using diskimager (as described below). Broth microdilution assays (see the figure, part b) are performed by diluting a standard number of cells in microtitre wells containing the drug in increasing concentrations (usually twofold increments) and propagating them. the lowest concentration that inhibits growth by 50% (MiC 50 ) or more is generally considered the MIC (indicated by the vertical line and boxed wells); the Clinical and Laboratory standards institute (CsLi) suggests visual reading of the plates, and the European Committee on Antimicrobial susceptibility testing (euCast) recommends measuring optical density. E-test strips (see the figure, part c) contain a gradient of drug and include markings that correspond to the drug concentration. The MIC is determined from the position of the edge of the zone of inhibition (indicated by the arrow) after 24 h of growth.
Clinical breakpoints refer to MiC values above which isolates are considered resistant. specific clinical breakpoints for fluconazole (FLC), voriconazole and the echinocandins have been established for Candida albicans, Candida glabrata, Candida parapsilosis, Candida krusei, Candida tropicalis and Candida guilliermondii. No amphotericin B breakpoints are available for any organisms. Based on the clinical breakpoints, interpretive guidelines have been established by the CLsi or euCast for these organisms and classify strains as sensitive, resistant or intermediate.
Measuring antifungal tolerance
tolerance is quantified using either disc diffusion assays or broth microdilution assays, generally after 48 h of growth. In disc diffusion assays, diskImageR calculates the fraction of growth (FoG) inside the zone of inhibition for a given raD (usually at 20% or 50% inhibition) as the pixel intensity in the area under the curve (see the figure, part a pink region) relative to the maximum area possible (at the chosen raD level (illustrated for raD 20 as the dashed rectangle, see the figure, part a)). strains with similar levels of susceptibility (determined as MIC/RAD) often exhibit different levels of tolerance and are illustrated in the figure. Note that tolerant growth is often similar in density, measured as a similar pixel intensity, over some distance from the disc. Broth microdilution assays analysed at 48 h also provide a tolerance metric, termed supra-MiC growth (sMG) 14 . SMG is quantified as the average growth per well (measured as optical density), for all drug concentrations above the MiC, normalized to growth in the absence of the drug (see the figure, part c). e-test strip assays provide a visual approximation of tolerance as the proportion of growth within the zone of inhibition relative to growth outside it (see the figure, part c). solid media assays (see the figure, parts a and c) enable the visualization of subpopulation growth, evident as individual colonies, as well as the effect of drug concentration. By contrast, liquid assays do not distinguish between very slow growth of all cells in the population and slow growth of a subpopulation of cells. 1,000 2,000 3,000 4,000 0 1,000 2,000 3,000 4,000 0 1,000 2,000 3,000 4,000 in this Review that tolerance and trailing growth in fluconazole probably reflect the same phenomenon [19] [20] [21] . Moreover, the ability of Candida spp. to form biofilms and the phenomenon known as paradoxical growth also affect fungal interaction with drugs. Candida spp. biofilms induce a transient, physiological alteration in drug responses 22 (box 3); that is, fungal biofilms exhibit reduced antifungal drug susceptibility via mechanisms that are dependent on cells growing within a biofilm, in which cells adhere to a substrate and form a thick mat of cells and secreted extracellular matrix that holds them together and reduces drug efficacy. The antifungal responses of biofilms and paradoxical growth are discussed in box 3. In this Review, we explore the molecular mechanisms that contribute to antifungal drug resistance, with a focus on Candida spp., the most common cause of fungal infections in humans 7 . We then contrast the concepts of resistance and antifungal drug tolerance and present our current understanding of the mechanisms and phenotypes associated with tolerance. We assert that distinguishing tolerance from resistance may provide important insights into the reasons for treatment failure in some settings and the eventual development of resistance. Finally, we also discuss therapeutic approaches to reduce and/or overcome antifungal drug resistance and tolerance.
Antifungal drug resistance
Measuring and defining resistance. Resistance, the ability to grow in levels of drug that inhibit susceptible isolates, is measured clinically as an increase in the MIC of a given antifungal drug when tested according to approved methods standardized by governing bodies, such as the Clinical and Laboratory Standards Institute (CLSI) 23 or the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 24 . Clinical breakpoints provide guidance regarding the likelihood that a given isolate will respond to therapy. Epidemiological cutoff values use MICs to identify isolates with acquired resistance, usually via mutations 25 .
It is important to distinguish clinical laboratory definitions of resistance from less-stringent criteria frequently used in the literature. Specifically, many published reports refer to resistance as an increase in the MIC relative to a reference strain, particularly in the setting of work focused on elucidating the mechanisms of resistance. In addition, non-standard assays are frequently used to measure antifungal activity but do not generate an MIC value. For example, serial dilution agar plating assays frequently compare the susceptibility of one isolate or a mutant with its appropriate reference strain; isolates and mutants that grow better than the reference strain in these assays are often referred to as resistant. Further effects could be due to tolerance or trailing, rather than resistance 9,26-29 , because the MIC was not altered at 24 h. Instead, increased growth in the presence of the drug (relative to a reference strain) was usually detected at 48 h. Thus, when evaluating the literature, it is prudent to note the author's definition of resistance and the conditions used to measure the phenomenon.
Mechanisms of drug resistance in fungi.
Although resistance is emerging in non-Candida species, such as Aspergillus spp. 30 , the general molecular mechanisms of resistance are conserved; therefore, we will focus primarily on Candida spp., the most prevalent species and the most common cause of both life-threatening invasive disease and clinically important mucosal diseases, such as vulvovaginal candidiasis, thrush and oesophagitis.
Antifungal drug resistance rates in Candida species are dynamic and variable between medical institutions and countries 7 . The highest rates of both azole and echino candin resistance are observed in Candida glabrata Tolerance is a phenotypic property of a given isolate that differs between different clinical isolates. The subpopulation of cells in the tolerant state (characterized by slow growth within the zone of inhibition in disc diffusion assays (box 1)) is isogenic to cells in the non-tolerant state (the whole population of cells that grow outside the zone of inhibition). a | A disc diffusion assay with a single drug disc in the centre of a Petri plate is shown; the zone of inhibition border is indicated in yellow (top panel). When cells from this plate are spread on new plates with the same amount of drug, similar patterns of growth are observed for tolerant cells taken from within the zone of inhibition (bottom left) and non-tolerant cells taken from outside the zone of inhibition (between the yellow and cyan circles), indicating that cells retain a similar potential to give rise to both types of subpopulations (tolerant and non-tolerant) in similar ratios. The radius of the zone of inhibition, used to determine the minimum inhibitory concentration (MIC), and the fraction of growth (FoG), used to measure tolerance (box 1), are similar in all three plates (not indicated). Similar results are also obtained with broth microdilution assays (not shown) 9 . b | Tolerance (measured as FoG at 20% drug inhibition (FoG 20 ) (see box 1)) correlates with the proportion of colonies that appear at fluconazole (FLC) concentrations above the MIC (relative to total colonies growing in the absence of drug). Different strains are represented by different coloured dots. c | The time required for cells to appear as visible colonies on a Petri plate containing the drug (time of colony appearance (ToA)) is shorter for isolates with high tolerance levels than for isolates with lower tolerance levels. Shown is a comparison between three clinical isolates that exhibit different levels of tolerance (indicated by the different FoG levels). The average difference between the ToA on plates containing an inhibitory drug concentration (red lines) and the ToA on plates without the drug (blue lines), ∆ToA , inversely correlates with the level of tolerance (FoG levels). The growth rates of visible colonies and the final colony sizes are largely independent of tolerance levels. d | Strains with low and increasing levels of tolerance are composed of cells with different amounts of intracellular azole drug. Shown are four susceptible strains, with increasing levels of tolerance (from left to right), and one resistant strain (far right). Among the susceptible strains, the proportion of cells with high amounts of intracellular drug decreases with increasing tolerance levels. The proportion of cells with high (red), intermediate (light red) and low (pink) intracellular drug concentrations of a fluorescent azole antifungal (Cy5-azole) drug differ from each other by an order of magnitude, as measured by flow cytometry 9 . The resistant strain has a much larger proportion of cells with low intracellular drug concentration. e | Studies using mutants and inhibitors reveal general stress pathways that affect tolerance. Proteins and pathways implicated in tolerance (green) and compounds that inhibit those pathways and also inhibit tolerance (blue) seem to converge on the cellular processes involved in membrane integrity and/or cell wall function. Some of the inhibitors affect more than one gene or pathway. For example, heat shock protein 90 (Hsp90) inhibits calcineurin, which in turn activates Crz1, a transcription factor required for membrane integrity as well as for tolerance 26, 27, 127 . Fluphenazine, an adjuvant drug that inhibits tolerance and renders FLC cidal 9 , is an inhibitor of both protein kinase C, which has been implicated in FLC tolerance 22 , and calmodulin, which is a regulator of calcineurin activity and, ultimately , membrane and cell wall integrity 128 . This implies that tolerance relies on one or both of these central regulators for cell viability in the presence of FLC. It is noteworthy that published studies investigating drug responses are difficult to interpret because the terms resistance and tolerance have been used interchangeably. Nonetheless, most published data are consistent with the notion that the regulation of both membrane integrity and cell wall function is important for tolerance. CFU, colony-forming units; TOR , target of rapamycin. Parts a-d are adapted from ref. 9 , CC BY 4.0 (https://creativecommons.org/ licenses/by/4.0/). Part e is based on data from ref. 9 together with many other studies (reviewed elsewhere 129 ). ◀ Nature reviews | Microbiology and Candida tropicalis 31 (Table 1 ). The most prevalent mechanism of azole resistance involves increased drug efflux pump activity, primarily due to gain-of-function mutations in transcription factors that regulate ATPbinding cassette (ABC) transporters (TAC1 in C. albicans and PDR1 in C. glabrata) and major faci litator superfamily pumps (MRR1 in C. albicans) 32, 33 . Of note, many of these transcription factors also regulate other genes that contribute to resistance, virulence or general yeast cell fitness 33 . Furthermore, because of the overlapping functions of different efflux pumps, mutations such as loss of function of a single gene encoding an efflux pump or gain of function of less efficient efflux pumps have only modest effects on bona fide resistance, and the most drama tic effects are from overexpression combined with homozygosis (loss of heterozygosity (LOH)) of hyperactive transcription factor alleles 34, 35 .
Alterations in antifungal drug targets, owing to increased target expression or mutations within the target protein sequence, also mediate antifungal drug resistance (Table 1) . Erg11, which is the target of azoles, is a cytochrome P450-dependent lanosterol 14α-demethylase required for ergosterol biosynthesis. In C. albicans, gain-of-function mutations in UPC2, which encodes a key transcriptional regulator of ergosterol biosynthetic genes 36 , lead to increased ERG11 expression and reduced azole susceptibility. Increased ERG11 expression is also seen in intrinsically resistant non-C. albicans species; however, the underlying mechanism is unknown. Mutations in ERG11 have also been observed in Candida spp., and over 100 different ERG11 alleles have been described 37 .
Many ERG11 mutations seem to interfere with drug binding and to decrease susceptibility in an additive manner 38 . Finally, in Candida auris, ERG11 polymorphisms as well as an increased number of ERG11 gene copies are thought to be responsible for its largely intrinsic azole resistance 35, [39] [40] [41] C. auris was discovered only a decade ago 42 and has led to major outbreaks that have shuttered or paralyzed hospital wards. C. auris appears to rapidly acquire resistance or tolerance to echinocandins as well polyenes 1, 43 , leaving few, if any, treatment options. Its ability to survive and adhere to surfaces over long time periods also makes C. auris-contaminated areas difficult to decontaminate. How C. auris rapidly acquires drug resistance and/or tolerance to the remaining antifungal drug classes is only beginning to be explored.
Copy number variations, including whole-chromosome aneuploidy and shorter-range amplifications, are genome changes that can increase resistance 33, [44] [45] [46] [47] [48] [49] [50] . For example, isochromosome (5L), a specific aneuploidy in C. albicans, results in the formation of two extra copies of the left arm of chromosome 5 (ref. 44 ), and, consequently, extra copies of TAC1 and ERG11, genes that confer resistance to azoles in these strains 51 . Similarly, extra copies of the right arm of chromosome 3 may increase drug efflux because CDR1 and MRR1, which encode a major ABC transporter and a transcriptional activator of MDR1 (the major facilitator superfamily transporter), respectively, are found on this chromosome (Candida Genome Database). In agreement with this, increased copies of the right arm of chromosome 3 together with unidentified genes on trisomic chromosome 7 were associated with increased efflux 52 . 
Box 2 | Antifungal heteroresistance
Heteroresistant clinical isolates contain a small subpopulation of cells (usually <<1%) that grow at drug concentrations ≥eightfold higher than the majority of the population 11 . Heteroresistance is detected, and distinguished from tolerance, by population analysis profiling assays (see the figure, part a) that measure the proportion of cells growing at a range of drug concentrations. For Candida glabrata, upon a second exposure to drug, heteroresistant subpopulations again produce a subpopulation that grows, despite the presence of the drug; thus, heteroresistance is not equivalent to genetic resistance. antifungal heteroresistance was first reported for Cryptococcus neoformans and Cryptococcus gattii 97, 98 and is an intrinsic property of these species 98, 99 . extra copies of an individual chromosome are associated with cryptococcal heteroresistant isolates; the degree to which heteroresistance is due to a particular aneuploidy seems to be strain specific 100 . in Cryptococcus, one molecular mechanism of heteroresistance seems to involve extra copies of the chromosome carrying both ERG11, the target of azoles, and AFR1, a major efflux pump. However, some Cryptococcus heteroresistant isolates do not have obvious aneuploidies 101 . C. glabrata isolates exhibit a range of heteroresistance levels and highly heteroresistant isolates exhibit increased levels of efflux activity 97 ; however, the molecular mechanisms that yield heteroresistance in C. glabrata and in non-aneuploid Cryptococcus isolates are not known.
Very few studies have analysed the role of heteroresistance in in vivo persistence of a fungal pathogen in animal tissues after antifungal treatment. In vivo persistence of C. glabrata was compared using strains with low and high heteroresistance that had the same susceptible minimum inhibitory concentration. in a mouse assay that monitored colony-forming units (CFu) in kidneys 7 days after infection and fluconazole treatment 97 (see the figure, panel b) , resistant isolates demonstrated a high fungal burden in the kidney in all mice, consistent with a failure to respond to the drug. Mice infected with the susceptible strain having low heteroresistance levels had a lower proportion of the mice with detectable C. glabrata in the kidneys compared with mice that were infected with an isolate that had high heteroresistance levels (numbers of mice with detectable C. glabrata are indicated). this result is consistent with the idea that high heteroresistance may underlie in vivo persistence of C. glabrata infections.
Box figure part b is adapted from ref. 97 , CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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For heterozygous diploids, such as C. albicans, LOH is another frequent mechanism of resistance (reviewed elsewhere 53, 54 ). For example, in a series of clinical C. albicans isolates from the same patient with HIV trea ted with fluconazole 55, 56 , LOH events that were retained in all subsequent isolates arose concomitant with the acq uisition of bona fide resistance. These LOH events inclu ded homozygosis of a region of the left arm of chromo some 5 that includes a point mutation in ERG11 (ref. 56 ). Homo zygosis of this ERG11 allele was persistent (retained in the infecting population for more than 8 months 56 ), consistent with the notion that mutations in ERG11 promote pathogen survival under drug selection 57 . Finally, some drugs enhance genome instability and, thus, promote aneuploidy and whole-chromosome LOH 58, 59 . For example, exposure to fluconazole promotes whole-chromosome LOH via unusual mitotic divisions (chromo some duplications and losses) [59] [60] [61] . Further more, both LOH and aneuploidy occur at much higher frequency (twofold to fourfold) than point mutations 60 , and are readily detected following a single passage through the bloodstream or oral cavity of a mouse [62] [63] [64] .
Recent guidelines from the Infectious Disease Society of America recommend that an echinocandin, rather than azoles, be used as initial therapy for most invasive Candida spp. infections 23 . Echinocandin resistance is almost exclusively due to mutations in FKS genes (Table 1) , which encode the target enzyme of the drug, 1,3-β-glucan synthase 65 . Echinocandin resistance is less prevalent than azole resistance (less than 1% of C. albicans infections 7 , but up to 10% of C. glabrata infections 66 ). Point mutations in one of two specific hotspot regions of FKS genes increase the half-maximal inhibition concentration of an echinocandin in vitro by up to three orders of magnitude 67 . Of note, long periods of echinocandin therapy are associated with the emergence of echinocandin-resistant strains 65 . In addition, a substantial number of infections with echinocandin-susceptible C. glabrata or C. albicans isolates are not readily cleared 68 , and the degree to which echinocandin tolerance may play a role in this remains to be determined.
The emergence of multidrug-resistant C. glabrata isolates is increasing at an alarming rate. A hypermutation mechanism was proposed to drive this multidrugresistant phenotype and was thought to be attributable to variant alleles of MSH2, a DNA repair gene; however, more recent work did not find a correlation between MSH2 mutations and antifungal resistance in vitro or in vivo 69, 70 . Regardless of the mechanism, the emergence of multidrug-resistant C. glabrata 71 is a major concern, because it leaves the polyene amphotericin B, which is toxic 8 , as the only treatment option for these infections.
Antifungal drug tolerance Measuring and characterizing tolerance in fungi.
Antifungal tolerance is a characteristic of drugsusceptible strains that have the ability to grow slowly at inhibitory drug concentrations; usually, only some of the cells in a given population exhibit this slow growth. Tolerance has been measured and characterized most extensively in C. albicans isolates treated with fluconazole, although tolerance is also observed in most Candida species for other drugs. The clinical importance of tolerance and/or trailing remains an open question (box 4).
Several features distinguish fungal tolerance from fungal resistance: tolerant cell growth is slower and more time dependent than resistant cell growth and is less dependent on the drug concentration 9 . In addition, different clinical isolates exhibit different levels of tolerance, measured as the proportion of growth above the MIC at 48 h in disc diffusion or broth microdilution assays (box 1). The degree of tolerance correlates with the size of the subpopulation of cells that grow above the MIC and the rate at which such cells form visible colonies at supra-MIC concentrations 9 . This correlation highlights the idea that tolerance is owing to the slow growth of some cells in the population and raises questions about how such cells differ from those that do not grow (or grow much more slowly).
Box 3 | Fungal biofilms and paradoxical growth responses to antifungals
biofilms have increased antifungal resistance the ability of Candida species to form biofilms, where they attach to a surface and produce a community of cells with a range of filamentous morphologies surrounded by an extracellular matrix, is not only relevant for their ability to cause disease but also has an enormous effect on fungal interaction with drugs. as with bacterial biofilms, fungi within biofilms are much less susceptible to antifungal drugs 102 . assays used to characterize the susceptibility of planktonic cells are not applicable to Candida biofilms because of their physical properties. Methods available to assay antifungal responses within biofilms were recently reviewed 14, 103 . the most widely used method measures the effect of the drug on biofilm metabolism using dyes, such as resazurin or 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide reduction (Xtt) 104 .
the mechanisms that contribute to the decreased susceptibility of cells in the biofilms to antifungal drugs are distinct from those in planktonic cells. specifically, unlike planktonic cells, efflux pumps and target gene mutations have only a limited role in Candida biofilm resistance to drugs, such as fluconazole. instead, the extracellular matrix of biofilms directly sequesters drugs, such as fluconazole and amphotericin 105 . As a result, the major mechanism leading to the resistance of Candida biofilms is a decrease in the exposure of the cells within the biofilm to the drug itself, as evidenced by the finding that mutants that fail to generate biofilm-associated extracellular matrix remain susceptible to fluconazole 105 . therefore, exposure of biofilms to a given concentration of drug results in a much lower intracellular concentration of the drug. Furthermore, the resistant state is phenotypic, rather than genetic, as it relies on cells being in a biofilm and is not seen in the planktonic cells shed by the biofilm. Finally, persister cells have been proposed to explain the reduced susceptibility of Candida biofilms to fungicidal drugs, such as echinocandins and amphotericin B; however, there are conflicting reports, such that the existence of persister cells in fungal biofilms, and the question of whether rare survivors are dependent on them being in a biofilm, remains controversial in the literature [106] [107] [108] .
Paradoxical growth a phenomenon that shares some features of tolerance is paradoxical growth, whereby fungal strains are inhibited by low concentrations of a drug, most typically an echinocandin, yet they are able to grow at much higher drug concentrations. the mechanism or mechanisms of paradoxical growth are not yet well understood. Like tolerance, paradoxical growth involves a substantial proportion of the cell population; and it is unlikely to be owing to alterations in the activity or stability of the drug target, β-glucan synthase [109] [110] [111] . a potential mechanistic link between the paradoxical effect and tolerance is their common dependence on stress pathways regulated by heat shock protein 90 (Hsp90) and calcineurin (reviewed elsewhere 112 ). Aspergillus nidulans cells that exhibit paradoxical growth also appear only after relatively long periods of drug exposure and appear to reverse many of the phenotypes associated with the responses of susceptible cells to echinocandins (for example, internalization of the β-glucan synthases (reviewed elsewhere 112 )).
The degree of tolerance varies across different isolates, presumably owing to the intrinsic allele diversity of each isolate. Phenotypic differences between clinical isolates involve many thousands to tens of thousands of single-nucleotide polymorphisms and are also evident with phenotypes such as biofilm formation and its dependence upon specific transcription factors 72 . In this sense, the differences in tolerance levels measured as the fraction of growth or SMG (box 1) between isolates have a genetic component. By contrast, for a single isolate, the phenotypic heterogeneity that drives some cells to grow slowly, and others to arrest growth, must be owing to physiological or metabolic shifts that differ between isogenic cells in the population.
Mechanisms of antifungal tolerance.
Although the mechanisms by which clinical responses to treatment vary are likely to be multifactorial, the ability to quantitatively characterize tolerance will permit the examination of these mechanisms. In addition to heterogeneity between isolates, there is heterogeneity within a population, in that different colonies of the same sample behave differently when exposed to fluconazole. Upon exposure to fluconazole, all cells undergo one to three rounds of division before growth arrest 9, 59 ; tolerant cells in the population resume growth several hours later, whereas non-tolerant cells arrest for considerably longer and only resume division in the absence of the drug. Furthermore, colonies from higher-tolerance isolates appear faster than those from low-tolerance isolates (fIg. 1c) . Thus, tolerance is likely to be owing to physiological responses that emerge heterogeneously among the cell population, where the proportion of cells exhibiting such responses is a function of the genetic potential of the specific isolate. Point mutations that affect this genetic potential remain to be identified, partly because it is difficult to screen for recessive mutations in this heterozygous diploid organism and because unrelated clinical isolates can diverge at tens of thousands of loci. Newly available haploid isolates of C. albicans 73 have the potential to facilitate screens for recessive point mutations and insertion mutants 74, 75 . For example, this approach identified sphingolipid biosynthesis as an important mechanism by which cells survive azole-induced ergosterol depletion 73 .
Aneuploidy and loss of heterozygosity are rapidly acquired genome changes that can result in increased tolerance and are likely to affect one or several genes that alter the tolerance level. Importantly, exposure to azoles promotes mitotic defects that yield tetraploid and aneuploid cells 59 . Aneuploidy can alter fluconazole Trailing growth generally defined as reduced but persistent visible growth of Candida spp. at fluconazole concentrations above the minimum inhibitory concentration (MIC). Trailing has also been described as an increase in the MIC during growth beyond 24 h (the standard end point for MIC measurements for Candida spp.) and can be measured as the residual growth in the presence of fluconazole concentrations above the MIC. Trailing was quantified in a recent study as the percentage of residual yeast growth at fluconazole concentrations above the MIC in each well and mean trailing as the geometric mean of trailing observed in all of the wells above the MIC.
Box 4 | clinical relevance of fungal tolerance
the clinical implications of fungal tolerance, also termed trailing growth in the clinical literature, remain to be resolved. the 24-h clinical end point for standardized minimum inhibitory concentration (MiC) assays was established to minimize the detection of trailing growth, based largely on studies that failed to find a positive correlation between trailing and virulence or mortality [113] [114] [115] . For example, Candida albicans and Candida tropicalis trailing isolates with similar MiCs showed no difference in response to fluconazole (FLC) in a mouse model for up to 5 days after infection 116 , supporting the recommendation of a 24-h MiC end point. One caveat is that the study involved only a single isolate with a high level of trailing growth from each species; a second issue is that longer-term clinical outcomes, such as infection recurrence, were not investigated. this is particularly important as the effect of tolerance on infection persistence may take time to be detected. we posit that the ability of the fungus to continue to divide, even slowly, in the presence of a drug in the host may be an important contributor to recurrent infections as well as to the ability to acquire drug resistance.
a large clinical study analysed 690 Candida isolates (eight species, nine antifungals and isolates collected from 29 hospitals) 113 , with 83% of the 'trailing' isolates having <50% residual growth and not significantly affecting clinical outcomes. However, trailing of >50% was not analysed separately. a more recent study of C. tropicalis isolates defined trailing levels as weak, moderate and heavily trailing (≤25%, 26-50% and >50% residual growth, respectively); these isolates were tested in Galleria larvae and two mouse models 15 . in all three models, heavily trailing isolates (which made up ~7% of the isolates) responded poorly to FLC, leading the authors to suggest that they should be regarded as clinically resistant to FLC. they also recommended that caution should be exercised in using FLC to treat patients infected with isolates that have moderate trailing levels 15 .
a small-scale retrospective study (19 patients) compared the tolerance levels of C. albicans strains isolated from patients treated with FLC whose infections were rapidly cleared by FLC with strains isolated from patients in which candidaemia was persistent because FLC failed to clear the infection 117 . initial isolates (prior to antifungal therapy) from the cleared infections consistently had lower levels of tolerance (see the figure) , relative to the isolates that caused persistent infections (those that are not cleared by drug treatment). this suggests that tolerance may affect the efficacy of FLC treatment and supports the idea that retrospective, as well as prospective, studies should be conducted to test the relationship between patient outcome and the initial tolerance level of the infecting isolates.
Clearly, it will be important to conduct additional studies that quantify tolerance in large numbers of diverse isolates and their known clinical outcomes. Moving forward, in vivo experiments will also be important. It is crucial to evaluate clinical isolates displaying a wide range of in vitro tolerance phenotypes, particularly if clinical data regarding patient outcome are available. it is well accepted that diverse C. albicans isolates exhibit heterogeneity with respect to the expression of virulence traits and determinants of pathogenicity 118, 119 . although the heterogeneity of clinical responses to treatment is likely to be multifactorial, improved methods to systematically characterize tolerance can address the degree to which tolerance contributes to this heterogeneity.
Blue dots represent isolates that caused non-persistent infections; coloured dots represent isolates that caused persistent infections. ***t test, P < 0.001. Box figure is adapted from ref. 9 tolerance in C. albicans 39, 52 . For example, segmental trisomy of chromosome 3 conferred an increased fitness in the presence of fluconazole that was attributable, at least partially, to extra copies of NPR2, which encodes a urea transporter 52 . This is tolerance, rather than resistance, because the MIC remained susceptible and the increased growth was detected after incubation for more than the 24 h in standard MIC assays. Notably, a single aneuploid chromosome can confer more than one unrelated pheno type. Trisomy of chromosome 2 promotes the growth of C. albicans cells in the presence of the antifungal drug caspofungin 48 without altering the MIC. Interestingly, trisomy of chromosome 2 also promotes cell survival in the presence of hydroxyurea, a cancer chemotherapy drug. The response to hydroxyurea was shown to be dependent on two of the 1,087 different genes located on chromosome 2, RNR1 and RNR21; the genes responsible for survival in the presence of caspofungin are distinct from these RNR genes and have not yet been identified 48 . This further suggests that exposure to hydroxyurea, by selecting for chromosome 2 trisomy, has the potential to increase the subsequent survival of C. albicans cells exposed to caspofungin. Adjuvant drugs and mutations that affect several stress-responsive pathways often reduce tolerance 9 (box 5), and adjuvants reduce tolerance to similar baseline levels irrespective of the tolerance level of the isolate 9 . This implies that tolerance depends on a shared set of critical pathways across diverse isolates. It also suggests that drugs that interfere with tolerance may be useful in combination therapies that extend the useful lifespan of currently available antifungal drugs (box 5).
In addition to genetic determinants of the tolerance level, growth conditions influence the degree of tolerance exhibited by a strain. For example, conditions that increase cell wall chitin promote cell survival in Paradoxical growth also referred to as the eagle effect. The ability of a fungal isolate to reconstitute growth in the presence of high drug concentrations, but being fully susceptible at lower concentrations. Paradoxical growth appears with a delay of one to several days, but resembles growth in the absence of the drug. Paradoxical growth has been reported primarily for echinocandins.
Adjuvants a drug that potentiates the effect of an anti-infective, but is not an anti-infective on its own.
Box 5 | Synergistic drug combinations in vitro and in vivo
synergistic combinations of fluconazole (FLC) and an adjuvant drug are active, and often cidal, against Candida albicans in vitro. A series of adjuvant drugs, reported to affect resistance and/or tolerance, were compared across a set of C. albicans strains. Most adjuvants, when added to the entire Petri plate, dramatically reduced the fraction of growth (FoG) measured as growth within the zone of inhibition surrounding a disc containing FLC (see the figure, part a) . this included inhibitors of heat shock protein 90 (Hsp90) (geldanamycin and radicicol), calcineurin (cyclosporin a and FK506), target of rapamycin (TOR) (rapamycin), the unfolded protein response (tunicamycin) and sphingolipid biosynthesis (aureobasidin A) 9 , as well as antibacterials 120, 121 , antiarrhythmic agents (amiodarone) 122 , immunosuppressive agents (FK506) 123 , antidepressants (fluoxetine) 124 , antipsychotics (fluphenazine (FNZ)) and non-steroidal anti-inflammatory agents (ibuprofen) 125 . The minimum inhibitory concentration (radius of zone of inhibition) is largely unaffected by these adjuvants, supporting the idea that the adjuvants mainly inhibit tolerance rather than resistance. within the zone of inhibition, cells are not viable 9, 21, 126 , which indicates that the adjuvants in combination with FLC are fungicidal.
Drug combinations that reduce FLC tolerance have been examined in several animal studies and in one small-scale retrospective analysis of patient outcomes. a study tested the combination of FLC and the immunosuppressant cyclosporine, which is fungicidal and affects tolerance but not resistance 21 , in a rat endocarditis model. the cyclosporine-FLC combination was more effective compared with amphotericin B and FLC treatment alone in clearing the infection 21 . although the authors only tested a single laboratory C. albicans isolate, and the concentrations of cyclosporine used in the study were above the corresponding therapeutic dose in humans, this early study suggested that adjuvant drugs that eliminate tolerance may provide a strategy for extending the useful lifespan of FLC (reviewed in ref. 87 ). similarly, although FNZ alone had no effect on survival, the psychotherapeutic agent FNZ combined with FLC prolonged the survival of Galleria larvae infected with highly tolerant C. albicans isolates (high FoG), but not those infected with low-tolerance isolates (low FoG) (see the figure, part b) . the presence of echinocandin 76, 77 , whereas calcineurin inhibitors reduce echinocandin tolerance (measured using MIC assays analysed after 72 h) 68, 78 . Similarly, the pH, temperature and nutrient availability affect the level of fluconazole tolerance 9 . Thus, tolerance has a genetic component that varies between isolates and a non-genetic component that is influenced by growth conditions and cell physiology. Two general concepts underlying the mechanisms of fluconazole tolerance need molecular explanations: the inter-isolate heterogeneity of tolerance levels; and the cell-to-cell variation within a given isolate. The interisolate heterogeneity is likely due to genetic differences that contribute to several other clinically relevant phenotypes, including biofilm formation, filamentous growth responses and sensitivity to temperature 53, 61, 79, 80 . Cellto-cell phenotypic heterogeneity occurs at a frequency that is far too high (10-90% of cells) to be due to the genetic acquisition of mutations, implying that it is due to non-genetic differences between the cells.
Earlier studies identified stress response pathways important for drug responses that are most likely affecting tolerance, although at the time little distinction was made between tolerance and resistance (reviewed elsewhere 81 ). Inhibitors of heat shock protein 90 (Hsp90) 82 , calcineurin 21, 26, 27 , target of rapamycin (TOR) 83 and mutants that affect Rim101 (ref. 84 ), a transcription factor invol ved in the pH response pathway, effectively eliminate tolerance and greatly increase the fungicidal activity of fluconazole across a diverse set of isolates with different tolerance levels (fIg. 1e; box 5 ). This implies that tolerance in all strains is dependent on all of these major hubs of cell homeostasis, irrespective of either the subpopulation size or its ability to grow in the presence of the drug. Consistent with this, either pharmacological or genetic disruption of Hsp90, calcineurin, TOR, lysine deacetylases or Rim101 function enhance the effect of fluconazole (reviewed elsewhere 85 ). Most, or all, of these fluconazole-associated stress response pathways seem to affect tolerance, because inhibiting these pathways does not affect MIC levels (box 5). Importantly, many of these same core stress response pathways in C. albicans (Hsp90, Ca 2+ -calmodulin calcineurin, lysine deacetylases, protein kinase C and HOG (high-osmolarity glycerol responses) pathways) also affect echinocandin responses 68, 86, 87 . Specifically, studies of these pathways using either inhibitors or mutant strains showed that they reduce fungal growth in combination with caspofungin or anidulafungin. Indeed, the involvement of lysine deacetylases and calcineurin implies a connection between tolerance and the metabolic anti-stress machinery (for example, ref. 88 ). Thus, variations in the function of the critical pathways listed above are candidate drivers of differences in tolerance levels between isolates. However, the complex constellation of genes responsible for differences in tolerance levels between isolates and their progeny remains to be explored.
The large number of central cellular pathways that affect tolerance also implies that many types of mutations could lead to changes in tolerance. We posit that inter-isolate heterogeneity in tolerance is a composite phenotype that emerges from variations at multiple loci; that is, different stress response pathways probably contribute to tolerance to a different degree in different isolates. Accordingly, a current challenge is to systematically study the effects of natural variation in the genes that affect tolerance. Several approaches are likely to be informative: using near-isogenic strains that differ in tolerance levels; engineering candidate mutations in different isolates; and performing unbiased screens for mutants that increase or decrease tolerance without affecting resistance.
Mutations in some pathways seem to affect resistance as well as tolerance. For example, mutations in TAC1, which encodes a positive transcriptional regulator of efflux pump genes, increases efflux activity 50 . In addition to affecting resistance, drug uptake and efflux appear to contribute, at least partially, to tolerance 9 , based on studies with fluorescent azole probes and strains with similar MIC levels but different tolerance levels (measured as the fraction of growth and SMG, see box 1) 89, 90 . Transcription factors can regulate multiple targets, and therefore the downstream effects of mutations in those transcription factors on resistance and tolerance could be independent of one another. Alternatively, the stress pathways important for tolerance may indirectly modify efflux activity, thereby enabling cells to grow slowly in the presence of the drug. Thus, although resistance and tolerance are different (as described above), they may share the same processes (albeit to different degrees) to promote growth in the presence of antifungal drugs.
For example, isolates that are more tolerant have lower average intracellular drug concentrations than less tolerant isolates 9 (fIg. 1d ). Furthermore, intracellular drug concentrations vary among cells within a given isolate, with the more tolerant isolates (those that grow slowly) having a larger population of cells with moderate amounts of drug per cell. By contrast, an isolate that is resistant because of increased efflux has a proportion of cells with very low levels of intracellular drug (10× less than those with moderate drug levels compared with tolerant isolates) 9 (fIg. 1d ). This suggests a mechanistic distinction between resistance and tolerance. In resistant isolates, mutations (for example, gain-of-function alleles in drug efflux pumps or their positive regulators) affecting efflux would enable most (or all) cells to reduce the intracellular drug concentration to very low levels. In tolerant isolates, physiological differences (for example, normal distribution in the amount of efflux gene expression) would enable some cells to reduce intracellular drug concentrations modestly relative to others, thereby facilitating slow growth in those cells with higher efflux gene expression. This idea is consistent with the results thus far 9 ; more isolates with characterized mechanisms of resistance or tolerance will need to be tested to determine whether it is generalizable.
Moreover, the molecular processes that contribute to the cell-to-cell phenotypic heterogeneity within an isogenic population are beginning to be elucidated. We do not yet know the degree to which a given daughter cell in a population inherits the phenotypic characteristics of its mother: for example, whether tolerant mother cells are more likely to have tolerant daughter cells, or
Fungicidal activity
Drugs with fungicidal activity reduce a population of cells by >99.9% or 3 log 10 units at a concentration equal to or greater than the minimum inhibitory concentration.
www.nature.com/nrmicro whether the degree of drug response is distributed randomly among the progeny. The phenotypic differences between cells can be the consequence of cell-to-cell differences in the gene expression state (for example, via chromatin modification and/or copy number variation), the metabolic state (for example, metabolite exchange interactions between cells that specialize metabolically and, as a consequence, diverge phenotypically (reviewed elsewhere 91 )) and/or the biophysical state (via the formation of macromolecular condensates, such as stress granules, prions and prion-like aggregates and/or phase transitions (reviewed elsewhere 92 )). These different states are not mutually exclusive, and they may require a similar set of pathways that affect azole tolerance (for example, Hsp90 and TOR) 93 . Once the state or states that affect tolerance are better understood, it will be possible to address critical mechanistic questions, such as how the state of tolerant versus non-tolerant individual cells is maintained in a given cell and its progeny during growth in the presence of drug, and why that state is not present in other cells in the population.
Organelles, such as the vacuole, make important contributions to tolerance and/or trailing growth. In Saccharomyces cerevisiae, several genes involved in retro grade trafficking modulate tolerance and/or trailing growth, including VPS21 (refS 28, 52 ), VPS15 and VPS51 (ref. 94 ); Rim101 may influence tolerance via its ability to regulate the transcription of key components of the vacuolar trafficking pathway 95 . Thus, tolerance seems to depend on intracellular processes that facilitate adaptation in response to drug stresses. Clearly, as the molecular and cellular mechanisms of tolerance, as well as the clinical implications of tolerance, become clearer, it may be possible to design therapeutic strategies that inhibit tolerance and provide new avenues to treat fungal infections.
Role of tolerance in the acquisition of resistance.
Tolerance has been proposed to increase the frequency of antifungal resistance 82 . In part, this argument is based on the observation that inhibition of Hsp90 in the presence of fluconazole not only eliminates tolerance 9 but also renders fluconazole fungicidal 87 . Thus, no colonies grow when fluconazole and an Hsp90 inhibitor are combined, because dead cells cannot evolve. Nonetheless, because a highly tolerant strain will divide more frequently in the presence of fluconazole than a strain with low tolerance levels, it will also have a higher population size and a higher likelihood of acquiring new mutations. In addition, drug pressure will lead to the positive selection of mutants that exhibit improved fitness. It will be important to determine the degree to which the population size, mutation rate and selection pressure contribute to antifungal responses in tolerant cells and to the rate of the emergence of resistance.
Summary and future directions
In this Review, we distinguish between antifungal resistance and tolerance, clarifying terms that have been used interchangeably in the literature, to describe growth in the presence of an inhibitory drug. Resistance is owed to genetic changes that directly affect the drug target and/or intracellular drug concentrations and cause a heritable effect on the entire population of cells in a given isolate. By contrast, tolerance is a feature of susceptible (non-resistant) isolates that relies upon several central stress response pathways; it is a consequence of phenotypic heterogeneity, in which some cells in the population grow, albeit slowly, in the drug. Differences in tolerance levels between isolates is assumed to have a genetic basis and to affect the proportion of cells able to grow in the drug. The mechanisms that drive cell-tocell differences in drug responses within a single isolate remain to be determined, but, at least for azoles, they seem to be connected to differences in intracellular drug concentration between different cells.
Combination therapies with adjuvant drugs that interfere with the compensatory stress responses requi red for tolerance have the potential to increase the lethal ity of an inhibitory antifungal drug. However, the ability of many molecules to achieve exactly these purposes in vitro is only a first step; very few adjuvants have progressed to efficacy studies in animal models of infection. Furthermore, to date, most studies have not considered the role of tolerance in the efficacy of the drug combinations. Nonetheless, systematic and largescale screens for molecules that affect tolerance provide a promising approach to overcoming antifungal drug resistance and improving the care of patients with fungal infections (see Supplementary information).
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